Summary. The effect of a limited period of low protein feeding in young rats on insulin secretion and insulin action during adult-age has been studied. Four-week-old rats were maintained for 4 weeks on isocaloric diets containing 5% protein (low protein) or 15% protein (control). The low protein rats gained weight at a considerably lower rate than the control rats. This was obtained in the absence of any decrease of spontaneous food intake. Basal plasma insulin levels were decreased (p < 0.01) by 40% in low protein rats. However, the glucose-stimulated insulin secretion obtained in vivo after an i.v. glucose load remained normal. The basal plasma glucose level in the low protein rats was only marginally decreased (by 20%). The tolerance to i. v. glucose was found to be slightly enhanced in the low protein rats as compared to the control rats as shown by a significantly increased K value (p < 0.01). In vivo insulin action in the low protein rats was investigated using the euglycaemic-hyperinsulinaemic clamp technique in conjunction with isotopic measurements of glucose turnover.
Summary. The effect of a limited period of low protein feeding in young rats on insulin secretion and insulin action during adult-age has been studied. Four-week-old rats were maintained for 4 weeks on isocaloric diets containing 5% protein (low protein) or 15% protein (control). The low protein rats gained weight at a considerably lower rate than the control rats. This was obtained in the absence of any decrease of spontaneous food intake. Basal plasma insulin levels were decreased (p < 0.01) by 40% in low protein rats. However, the glucose-stimulated insulin secretion obtained in vivo after an i.v. glucose load remained normal. The basal plasma glucose level in the low protein rats was only marginally decreased (by 20%). The tolerance to i. v. glucose was found to be slightly enhanced in the low protein rats as compared to the control rats as shown by a significantly increased K value (p < 0.01). In vivo insulin action in the low protein rats was investigated using the euglycaemic-hyperinsulinaemic clamp technique in conjunction with isotopic measurements of glucose turnover.
The overall glucose utilization rate was normal in the basal state but significantly increased (p < 0.05) when measured at a submaximal plasma insulin level. The basal hepatic glucose production in the low protein rats was similar to that in the control rats. During the clamp studies, the suppression of endogenous glucose production was found to be similar in the low protein rats and the control rats but this was obtained at significantly lower (p < 0.01) steady-state insulin levels in the low protein group than in the control group. In conclusion, the current results indicate that the modest improvement of glucose tolerance which is revealed in the low protein rats results from changes in the insulin action upon the target tissues: both the insulin-mediated glucose uptake by peripheral tissues and the ability of insulin to suppress hepatic glucose output are enhanced.
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A high prevalence of malnutrition-related diabetic syndromes have been recognized in developing countries [1] . Glucose intolerance is a characteristic feature of proteincalorie malnutrition especially in children suffering from severe protein deficiency [2] [3] [4] [5] . The possibility that the impaired glucose tolerance could result from partial failure of the pancreatic Beta-cell function has been raised [5] . However, some confusion still exists in the literature concerning this point as high fasting plasma insulin levels or sustained insulin secretion have been found in some malnourished children [6] [7] [8] . Concerning insulin action it has been reported that infants with kwashiorkor were insulin resistant, whereas those with marasmus had normal glucose tolerance despite lower basal and glucose-stimulated insulin levels, thus suggesting enhanced insulin sensitivity [2] .
Experimental models of protein-calorie malnutrition might prove helpful because they provide the opportunity for rigorously controlled nutritional experimentation.
Rats have mainly [9] [10] [11] [12] [13] [14] [15] been used to characterize the impact of protein-energy deficiency upon the glucose homeostasis. In rats chronically fed with a protein level in the diet comparable to that of humans in developing countries, glucose homeostasis has been evluated through measurements of basal levels of blood glucose or pancreatic hormones [13] [14] [15] , glucose tolerance tests [12, 14, 15] or insulin tolerance tests [15] . No direct quantification of insulin action in vivo is presently available in these models. Moreover, one important limitation for the interpretation of results obtained in these animal models of malnutrition, is that they do not allow a separate analysis of the effect of protein deficiency per se from that of energy deficiency since young rats given a low protein-diet spontaneously reduce their food intake [16] .
Pilot experiments using Wistar rats given an isocaloric low protein diet (5%) from weaning, had shown that these rats spontaneously maintained a normal food intake. Taking advantage of this opportunity we have, in the present study, characterised the impact of a selective protein deficiency on (1)glucose tolerance, (2) in vivo glucose-induced insulin release, (3) basal and insulin-stimulated in vivo glucose production and glucose utilization, using the euglycaemic-hyperinsulinaemic clamp technique in conjunction with isotopic measurement of glucose turnover.
Materials and methods

Diet
The powdered semi-synthetic experimental diets contained 5% protein (low protein diet, LP) or 15% protein (control diet, C) and were generously provided by Drs R. Aubert In g/kg of salt mixture~ there were: CaHPO4 500, NaC174, K3C6tlsOTHzO 220, K2SO4 52, MgO 24, MnCO3 3.5, FeC6HsO7H20 0.6, ZnO 1.6, CuCO3,Cu(OH2) 0.3, KIO3 0.01, NaSeO~5HzO 0.01, CrK(SO4)z12H20 0.55 and sucrose to make 1 kg.
Animals
Female Wistar rats bred in our colony were weaned 28 days after birth and then maintained on either the low protein or the control diet. Food intake and body weight were recorded every 2 days.
After feeding the respective diets for 4 weeks, randomly selected animals from each group underwent a glucose tolerance test. The remaining animals in each group were used for measurement of in vivo insulin action with the gluc0se-insulin clamp technique.
Glucose tolerance tests
Intravenous glucose tolerance tests (0.5 g glucose/kg body weight) were performed under pentobarbital anaesthesia (4 mg/100 g body weight i. p.) at 14.00 hours in rats fasted from 09.00 hours. Blood was withdrawn from the tail vein and samples (300 gl) were immediately centrifuged at 4 ~ plasma was stored at -20 ~ until assayed.
Euglycaemic-hyperinsulinaemic clamp studies
Studies were performed at 14.00hours in rats fasted from 09.00 hours according to a previously detailed procedure [17, 18] . The rats were considered to be in the post-absorptive period and the rate of glucose production was a measure of endogenous glucose production. Rats were anaesthetized with pentobarbitone. Body temperature was maintained at 37-38 ~ with heating lamps. One carotid artery was catheterized for blood sampling and a tracheotomy was systematically performed to avoid respiratory problems during anaesthesia.
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Blood samples of 150 gl were collected 20 min after the end of the surgery for the determination of basal blood glucose and plasma insulin concentrations. Then insulin was infused at a constant rate of 20 ~tl/min (2.1 nmol.h -1 .kg 1) via a saphenous vein and the blood glucose level clamped at the level measured in the basal state by a variable infusion of glucose through the other saphenous vein with a Precidor pump (Infors, Basel, Switzerland). Insulin (porcine monocomponent insulin Actrapid, Novo, Copenhagen, Denmark) was dissolved in 0.9% NaC1 containing 0.2% bovine serum albumin (Sigma, St Louis, Mo., USA). The infusion of exogenous glucose (4%-15% solution) was started 5 min after the insulin infusion. Then, 25 gl blood was sampled from the carotid artery at 5 min intervals, and plasma glucose concentrations were determined within 60 s with a glucose analyser (Beckman, Palo Alto, Calif., USA).
Steady-state plasma insulin levels were reached 30 min after starting the insulin infusion and steady-state blood glucose levels were reached after 45--50 rain. At 55, 60 and 65 min 200 ~tl blood samples were collected to determine blood glucose specific activity and plasma insulin concentrations. The coefficients of variation in plasma glucose and insulin concentrations during the clamp were 5 and 15%, respectively.
Endogenous glucose production
Endogenous glucose production in the basal state and during the hyperinsulinaemic clamp studies was assessed by a primed continuous infusion of (3-3H) glucose (New England Nuclear, Dreiech, FRG). The labelled glucose was adminstered as an initial intravenous priming dose (4 gCi) followed immediately by a continuous intravenous infusion at a rate of 0.2 gCi/min. Steady-state glucose specific activity was established by 40 rain both in the basal state and the clamp studies. The rate of glucose appearance (Ra) was then equal to the rate of glucose disappearance (Rd) and these two parameters were calculated by dividing the (3-3H) glucose infusion rate (dpm/min) by the steady-state value of glucose specific activity (dpm/g). In the basal state the rate of endogenous glucose production is equal to Ra. In the clamp studies, the rate of endogenous glucose production was calculated by substracting the exogenous steady-state glucose infusion rate (SS GIR) from Ra. The rate of glucose utilized by the whole-body mass (GUR) was calculated as GUR = Rd and the glucose production rate (GPR) in the liver was calcuIated as GPR = Ra-SSGIR.
Samples, analytical techniques and calculations
Plasma glucose was determined using a glucose analyser (Beckman, Palo Alto, Calif., USA). Blood samples for measuring glucose spedfic activity were deproteinized with Ba(OH)2-ZnSO4 and immediately centrifuged. An aliquot of the supernatant was used for the 9 determination of glucose using a glucose oxidase method. Another aliquot of the supernatant was evaporated to dryness at 60~ to remove tritiated water, The dry residue was dissolved in 0.2 ml distilled water and counted with 10 ml of Ready-Solv-MP scintillation solution (Beckman). Plasma immunoreactive insulin was estimated using purified rat (studies in the basal state) or porcine (clamp studies) insulin as standards (Novo), antibody to mixed (porcine + bovine) insulin cross-reacting similarly with pork and rat insulin standards and porcine monoiodinated 125I-insulin [17, 18] . Charcoal was Used to separate free from bound hormone. The method allows the determination of 3 gU/ml (0.12 ng/ml) with a coefficient of variation within and between assays of 10%. The insulin and glucose responses during the glucose tolerance test were calculated as the incremental plasma insulin values integrated over the 30 min i?6riod following the glucose injection (kI, nmol. min. 1 -~) and the corresponding incremental integrated plasma glucose values -(AG, retool, rain. 1 1). The rate of glucose disapperance (K) w~is calculated from the slope of the regression line obtained with the log- 
Statistical analysis"
Results are given as means + SEM. Statistical analysis were performed using ANOVA.
Results
561
Characteristics of the rats
After weaning (4 weeks) rats fed the control diet gained weight and continued to grow throughout the observation period (Fig. 1, top) . Rats fed the low protein diet gained weight at a considerably lower rate during the same observation period, despite the fact that their daily food intake, and thus their daily energy intake, per animal was not significantly different from that of the control rats (Fig. 1,  bottom) . Consequently the daily food intake expressed per gramme of body weight was significantly higher in the low protein than in the control rats (14.5 _+ 0.7 g/100 g body weight/d, n = 13 and 9 +0.4, n = 11 respectively, p < 0.01). Accordingly the food conversion efficiency was decreased in the low protein rats. The protein efficiency ratio (weight gain per gramme of protein eaten) was significantly higher in the low protein than in the control rats (2.75 +_ 0.27 vs 1.99 _+ 0.13, respectively, p < 0.05).
When the low protein rats were transferred to the control diet, there was a rapid increase in the rate of weight gain, but no significant change in the daily food intake (data not shown).
The characteristics of the rats killed at the age of 8 weeks are given in Table 1 . In the low protein rats the basal plasma glucose level, measured in the post-absorptive state, was slightly decreased (p < 0.001) as compared to that in the control rats. The basal plasma insulin level was more severely decreased (p < 0.001) and, hence, the plasma insulin/glucose ratio remained much lower in the low protein rats.
Glucose tolerance and insulin secretory response to glucose
In response to intravenous glucose load the mean incremental glucose area in the low protein rats was not significantly different from those in control rats while the K value was significantly increased (p < 0.01). Values of the mean incremental insulin area were similar in the low protein and the control rats, thus indicating that the glucoseinduced insulin secretion was not altered in vivo in the low protein rats (Table 1) . 
In vivo insulin action
The basal rate of glucose production in the low protein rats was similar to that in the control rats ( Table 2) . Following a submaximal hyperinsulinaemia (1.08+ 0.09 nmol/1 in the low protein group; 1.89 _+ 0.21 nmol/1 in the control group) endogenous glucose production was similarly suppressed in both groups. However, this was obtained under significantly lower steady-state plasma insulin levels (p < 0.01) in the low protein than in the control group. The same conclusion was reached when the values were expressed per rat or per kg body weight. The basal rate of glucose utilization was similar in the low protein and in the control rats (Table 2) . Following submaximal hyperinsulinaemia glucose utilization in the low protein rats was significantly increased as compared to that in the control rats: this was observed whenever the results were expressed per animal (p < 0.02) or per kg body weight (p < 0.001).
Discussion
This study confirms previous observations [13-15, 1%23 ] that a diet low in protein ( < 6%) does not support normal growth in young rats. Such a model of malnutrition was obtained in the present work in the absence of a decreased spontaneous food intake. This is remarkable as several previous reports using a similar diet protocol to ours concluded that rats fed such low protein diets reduce their food intake to a level just sufficient to maintain body weight [13] [14] [15] 24] . However, our observation is not unique since the increased food intake (when corrected for the body weight) and the increased protein efficiency ratios found in the present work, have been reported previously [25] [26] [27] . In these reports, including ours, the common result of the low protein diet was a moderate growth retardation in rats. This is at variance with the more drastic growth arrest observed in previous studies [13] [14] [15] . The increase we found in the protein efficiency ratio in the low protein rats could reflect a proportionately greater utilization of the protein for growth in these rats and represent an adaptative change to limit growth retardation. The increased food intake relative to body weight may represent a mechanism by which low protein rats partially compensate their low protein intake. In addition, the excess nonprotein energy intake by these rats (when expressed per gramme body weight) may have been stored as glycogen, fat and/or wasted [26, 27] . Furthermore, it has been reported that in young growing animals the consequences of consuming low protein diets may vary as regards carcass fat accumulation [28] [29] [30] . The results obtained depend on the age of the animals, whether the low level of protein is near or below the requirement, as well as other dietary components. Taken together the animal model presently used produces selective protein deficiency with no associated calorie malnutrition. Such a model makes it possible to dissociate the effects of protein deficiency per se from those of energy deficiency, as these two parameters are intimately associated in the syndrome of kwashiorkor in childhood [5] and in animal models of malnutrition recently studied [13] [14] [15] .
Basal plasma insulin levels were lower in the proteindepleted rats. Other investigators have also reported that insulin levels were reduced in malnourished rats [13] [14] [15] 24] . In contrast to the very poor in vivo and in vitro insulin responses to glucose reported in protein-calorie malnutrition models [1, [13] [14] [15] 31] , we found a normal glucosestimulated insulin secretion in vivo. Our observation suggests that the low responsiveness of the Beta-cells to glucose as shown during protein-calorie malnutrition, can be attributed mainly to the calorie deficiency.
Under basal conditions, low protein fed rats succeeded in maintaining low or near normal plasma glucose levels with low plasma insulin levels. This is in accordance with the results found in a similar low protein fed rat model [27] . It was also reported that the basal plasma glucagon level remained normal and that the plasma free triiodothyronine level increased [27] . Tolerance to intravenous glucose was slightly better in low protein fed rats than in control rats, as shown by a significantly increased glucose disappearance rate (K value). This suggests an increased sensitivity to insulin in the rats fed the low protein diet.
However, the relationship between the K value and the effects of insulin on glucose-uptake is not a direct one; therefore we have investigated insulin action in rats fed a low protein diet using the insulin-glucose clamp technique in conjunction with isotopic measurements of glucose turnover. During the clamp experiments performed at similar blood glucose levels in both groups, the rate of exogenous glucose infusion required to maintain the blood glucose level at euglycaemia and at steady-state plasma insulin, is taken as a measure of the effect of insulin on total-body glucose metabolism. Under the present experimental conditions the glucose infusion rate is equal to the sum of the decrement in glucose production and the increment of glucose utilization caused by insulin. The total-body glucose metabolism in low protein fed rats was significantly higher from that in the control rats at submaximal insulin levels which indicates that the total-body glucose metabolism is most responsive to insulin in the low protein as compared to the control rats.
The basal glucose utilization rate was significantly higher in low protein fed rats. During the clamp studies the glucose utilization induced by submaximal insulin levels (when related to body mass) was significantly greater in the low protein fed rats than in the control rats. These data suggest that insulin-mediated glucose uptake is enhanced in the low protein fed rats. Our conclusions are similar to those reported in protein-calorie deficient rats. In these models as compared to normal rats, it has been shown that despite reduced basal plasma insulin levels, the clearance of glucose from the blood was kept to normal [24] , that exogenous insulin caused a more sustained hypoglycaemia [15] and that soleus muscle preparations in vitro were more sensitive to insulin [32] .
One of the aims of our study was to evaluate the effect of insulin on endogenous glucose production in low protein fed rats. As the rats were in the postabsorptive state, it can be assumed that the rate of glucose production represents hepatic glucose production. In the basal state, hepatic glucose production in the low protein fed rats was similar to that in the control rats. This was true even though the plasma insulin levels were lower, suggesting an increased hepatic sensitivity to insulin in the low protein fed rats. This conclusion is based on the fact that during the euglycaemic clamp studies, the suppression of glucose production induced by submaximal insulin levels was similar in the low protein fed and in the control rats despite significantly lower (p < 0.01) steady-state plasma insulin levels in the low protein rats. Such a conclusion is in line with the recent report that the suppression of endogenous glucose production during glucose infusion in protein-depleted rats was similar to that in control rats, despite insulin levels in the protein-depleted group that were 1/3 of those of the control group [24] . We are not aware of any detailed study of the in vivo insulin action on the liver of protein-depleted rats. Nevertheless it has been observed that young rats fed a low protein diet exhibited low hepatic glucose-6-phosphatase and alanine-aminotransferase activity [24] . This could explain how malnourished rats succeed in maintaining normal endogenous glucose production with low plasma insulin levels. It has also been recently reported [27] that both phosphoenolpyruvate carboxykinase and pyruvate kinase activities are high in the liver of low protein fed young rats. The development of a futile cycle between pyruvate and phosphoenolpyruvate may contribute to the wastage of the excess non-protein energy intake and be partly responsible for the observed decreased food conversion efficiency in the low protein fed rats [27] .
In conclusion the results indicate that a selective protein depleted feeding in the young rat in the absence of caloric deprivation decreases the basal plasma insulin level but does not lead to any impairment of glucose-induced insulin secretion. Furthermore, they provide direct evidence that the modest improvement of glucose tolerance 563 results from changes in the effect of insulin upon the target tissues. Both the insulin-mediated glucose uptake by peripheral tissues and the ability of insulin to suppress hepatic glucose output are enhanced.
